ErbB2 has been shown to activate signaling molecules that may regulate glucose metabolism. However, there is no evidence reported to directly link ErbB2 to glycolysis, and the mechanism underlying ErbB2-enhanced glycolysis is poorly understood. In this study, we investigated the role and mechanism of ErbB2 in regulating glycolysis. We found that ErbB2-overexpressing cells possessed a significantly higher level of glycolysis when compared to the ErbB2-low-expressing cells, and the downregulation of ErbB2 markedly decreased glycolysis. Overexpression of ErbB2 increased the expression of glycolysis-regulating molecules lactate dehydrogenase A (LDH-A) and heat shock factor 1 (HSF1). ErbB2 activated HSF1, indicated by the increased HSF1 trimer formation, and promoted HSF1 protein synthesis. HSF1 bound to LDH-A promoter and the downregulation of HSF1 reduced the expression of LDH-A and subsequently decreased cancer cell glycolysis and growth. Moreover, the glycolysis inhibitors, 2-deoxyglucose and oxamate, selectively inhibited the growth of ErbB2-overexpressing cells. Taken together, this study shows that in human breast cancer cells, ErbB2 promotes glycolysis at least partially through the HSF1-mediated upregulation of LDH-A. This pathway may have a major role in regulating glucose metabolism in breast cancer cells. These novel findings have important implications for the design of new approaches to target ErbB2-overexpressing breast cancers.
Introduction
Cancer cells are different from nonneoplastic cells in their metabolic properties. Normal cells mostly rely on the process of mitochondrial oxidative phosphorylation, which consumes oxygen and glucose to produce energy. In contrast, cancer cells depend mostly on glycolysis, the aerobic breakdown of glucose into the energy-storing molecule adenosine triphosphate (ATP). This altered energy dependency is known as the 'Warburg effect' and is a hallmark of cancer cells (Warburg, 1956; Kim and Dang, 2006; Chen et al., 2007; Gatenby and Gillies, 2007; DeBerardinis et al., 2008; Gillies et al., 2008; Hsu and Sabatini, 2008; Kroemer and Pouyssegur, 2008) .
ErbB2 (Her2/neu) is an oncogene that is overexpressed in approximately 30% of breast cancers and is correlated with a poor prognosis (Slamon et al., 1989) . We and others (Guy et al., 1992; Tan et al., 1997 Tan et al., , 2005 Tan et al., , 2006a Tan et al., , 2006b ) have previously shown that the overexpression of ErbB2 increases the transformation and/ or metastatic potentials of breast cancer cells. In addition, ErbB2 has been shown to activate signaling molecules that regulate bioenergetic metabolism, such as Ras, PI3K/Akt, mTOR and Src (Yarden and Sliwkowski, 2001; Zhou et al., 2004; Tan et al., 2005 Tan et al., , 2006b Zhang et al., 2007) . A recent study investigated the role of lactate dehydrogenase A (LDH-A), a critical enzyme in the glycolysis pathway, in the tumor maintenance of neu-transformed mouse mammary epithelial cells, showing that compared to normal cells, cancer cells have deregulated bioenergetic metabolism and increased glycolysis (Fantin et al., 2006) . However, this study did not systemically investigate the role of ErbB2 in cancer cell glycolysis and this was performed in mouse mammary epithelial cells. So far, there is no reported evidence that directly links the overexpression of ErbB2 to increased glycolysis in human breast cancer cells. Moreover, the impact of ErbB2-mediated changes in energy dependency on human breast cancer progression and the mechanism underlying ErbB2-mediated glycolysis are still not fully understood.
Heat shock factor 1 (HSF1) is a transcriptional factor that has a critical role in the regulation of the heat shock response in eukaryotes (Westerheide and Morimoto, 2005) . On exposure to a variety of stresses, HSF1 oligomerizes into active trimers, translocates into the nucleus and binds with heat shock elements located in the promoter region of target genes, subsequently activating the heat shock response (Westerheide and Morimoto, 2005) . Although still not well understood, the functions of HSF1 are beyond the classical induction of heat shock responses. Recent reports have shown that HSF1 may have an important role in cancer development (Khaleque et al., 2005 (Khaleque et al., , 2008 Min et al., 2007) . A recent study showed that the elimination of HSF1 protects mice from tumors induced by mutations of the Ras oncogene or a hot spot mutation in the tumor suppressor p53 (Dai et al., 2007) . HSF1 supports malignant transformation by orchestrating a network of core cellular functions including proliferation, survival, protein synthesis and glucose metabolism. Thus, HSF1 functions as a powerful multifaceted modifier of carcinogenesis (Dai et al., 2007) .
We report here that the overexpression of ErbB2 leads to increased glucose uptake, lactate production and decreased oxygen consumption in multiple human breast cancer cell lines. ErbB2 overexpression increases LDH-A expression and its activity through the upregulation of HSF1, resulting in increased glycolysis. This pathway may have a major role in glucose metabolism in cancer cells. Moreover, we report that ErbB2-overexpressing human breast cancer cells are more sensitive to the glycolysis inhibitors 2-deoxyglucose (2-DG) and oxamate. These novel findings provide insight into the future development of therapeutics for ErbB2-overexpressing cancers.
Results

Overexpression of ErbB2 promotes glycolysis in human breast cancer cells
To examine whether the overexpression of ErbB2 alters glucose metabolism in human breast cancer cells, we used the isogenic ErbB2-stable transfectants derived from breast cancer cell lines, MCF7, and from MDA-MB-435 cells (Benz et al., 1992; Tan et al., 2002 Tan et al., , 2005 . ErbB2 expression levels were confirmed by immunoblot analysis (Figure 1a) . ErbB2 overexpression was shown in MCF7/ErbB2 and 435ErbB2 cells, compared to the much lower ErbB2 levels in their corresponding control cells (MCF7 and 435 neo). Glucose uptake, lactate production and oxygen consumption, which are hallmarks of glycolysis, were measured and compared in ErbB2-low-expressing and ErbB2-high-expressing cells. Both MCF7/ErbB2 and 435ErbB2 cells showed a significantly higher glucose uptake ( Figure 1b ) and lactate production ( Figure 1c ) but lower oxygen consumption rates (Figure 1d ) than the MCF7 and 435 neo cells, respectively. These results strongly suggest an important link between ErbB2 expression and glycolysis, indicating that ErbB2 overexpression may promote glycolysis in human breast cancer cells.
Overexpression of ErbB2 transcriptionally activates LDH-A and promotes glycolysis
LDH-A has a critical role in glycolysis and neutransformed mouse tumor maintenance (Fantin et al., 2006) . To examine the mechanism of ErbB2-induced glycolysis in human breast cancer cells, we compared the LDH-A protein levels between ErbB2-low and ErbB2-overexpressing cells by immunoblotting (Figure 2a , left top). Compared with MCF7 and 435 neo cells, MCF7/ ErbB2 and 435ErbB2 cells showed higher LDH-A protein levels. To test whether other LDH isoforms would be affected by ErbB2, we detected LDH-B expression in these cells. As shown in Figure 2a (left bottom), LDH-B proteins were not detectable in MCF7 cells, as reported earlier (Balinsky et al., 1983) , and the levels of LDH-B were similar between 435 neo and 435ErbB2 cells, indicating that ErbB2 has no effect on LDH-B expression. To examine whether ErbB2 upregulates LDH-A at the transcriptional level, the mRNA of LDH-A were measured by quantitative RT-PCR (qRT-PCR; Figure 2a , upper middle and upper right) and semiquantitative RT-PCR (Figure 2a , lower middle and lower right). The LDH-A mRNA expression in ErbB2-overexpressing cells was higher than that in their ErbB2-low-expressing counterparts, indicating that ErbB2 activates LDH-A at the transcriptional level. When the LDH enzyme activity was measured in these cells, we found that the LDH activity in MCF7/ErbB2 cells was much higher than that of MCF7 cells, and the LDH activity of 435ErbB2 was also higher than that of 435 neo cells (Figure 2b ). These results indicated that ErbB2 overexpression upregulates LDH-A expression and activity in human breast cancer cells.
To confirm the causal relationship between ErbB2, LDH-A and glycolysis, the naturally ErbB2-overexpressing BT474M1 breast cancer cells were used to test whether LDH-A expression and glycolysis would decrease with the knockdown of ErbB2 expression. Downregulation of ErbB2 by siRNA led to decreased LDH-A expression in BT474M1 cells (Figure 2c, left) . Furthermore, the downregulation of ErbB2 decreased both glucose uptake and lactate production but increased oxygen consumption rate (Figure 2c, right) . We performed similar experiments in MCF7/ErbB2 cells and the results were similar (Figure 2d ). To avoid offtarget effects, these results were confirmed using a second ErbB2-targeting siRNA sequence (data not shown). These results confirmed the link between ErbB2, LDH-A expression and activity. To examine whether the ErbB2-upregulated LDH-A is essential in ErbB2-enhanced glycolysis in human breast cancer cells, an LDH-A targeted siRNA was used to treat ErbB2-overexpressing MCF7/ErbB2 or BT474M1 cells. LDH-A siRNA effectively downregulated LDH-A, inhibited the glucose uptake, LDH activity (Supplementary Figure 1) and proliferation of these cells ( Supplementary  Figure 2) , indicating that LDH-A is essential in ErbB2-mediated glycolysis and proliferation in human breast cancer cells.
Overexpression of ErbB2 leads to the upregulation of HSF1
Recently, it has been reported that HSF1 modulates glucose metabolism and has an important role in cancer development (Dai et al., 2007) . To investigate the role of HSF1 in ErbB2-mediated glycolysis, we examined the by using a second ErbB2-directed siRNA sequence ( Figure 3a , right and data not shown). Moreover, when cells were treated with Herceptin, an ErbB2-targeting antibody, the ErbB2-mediated induction of HSF1 was inhibited in a dose-dependent manner (Supplementary Figure 3) . These results show that overexpression of ErbB2 upregulates HSF1. In normal cells, HSF1 exists as an inactive monomer that is rapidly converted to trimer after heat shock resulting in binding to DNA. We examined HSF1 trimer formation in MCF7 and MCF7/ErbB2 cells. Cell extracts were treated with the chemical cross-linker, ethylene glycol bis (succinimidylsuccinate) (EGS), and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and western blot. In the presence of EGS, a portion of HSF1 in MCF7/ErbB2 cells was converted to its trimer form, which was not detectable in MCF7 cells (Figure 3b, left) . To confirm the result, we downregulated ErbB2 by siRNA in BT474M1 cells and analysed the oligomeric state of HSF1. Compared to control cells, the downregulation of ErbB2 led to a decrease in HSF1 trimer formation (Figure 3b , right). These results indicate that overexpression of ErbB2 activates HSF1 in breast cancer cells.
To test whether the increased HSF1 protein levels resulted from the upregulation of HSF1 mRNA by ErbB2, qRT-PCR (Figure 3c , upper) and semiquantitative RT-PCR (Figure 3c , lower) were performed. The mRNA levels in ErbB2-overexpressing and -low-expressing cells were similar, indicating that ErbB2 upregulates HSF1 at the posttranscriptional level. We then asked if ErbB2 could stabilize HSF1. After cycloheximide (CHX) treatment, HSF1 protein degraded at a similar rate in MCF7 cells as in MCF7/ErbB2 cells (Figure 3d ), indicating that ErbB2 upregulation of HSF1 is not by stabilizing HSF1 protein. In conjunction with the results that ErbB2 does not increase the mRNA level of HSF1, we hypothesize that ErbB2 may upregulate HSF1 by promoting the translational mechanism of HSF1. We performed polysome analysis in 435 neo and 435ErbB2 cells as we did earlier (Lu et al., 2009) to examine whether ErbB2 promotes HSF1 protein translation. As shown in Figure 3e , HSF1 mRNA was distributed to the heavier polysome fractions in 435ErbB2 cells than in 435 neo cells, indicating an increased number of ribosomes associated with HSF1 transcripts in 435ErbB2 cells. These results indicate that ErbB2-mediated HSF1 upregulation is largely at the translational level. As HSF1 was shown to be involved in cancer cell glycolysis, these results also suggested that ErbB2-mediated HSF1 upregulation might serve as a mechanism for ErbB2-enhanced glycolysis in breast cancer cells.
Downregulation of HSF1 leads to decreased LDH-A expression and decreased glycolysis
To study the role of HSF1 in ErbB2-induced glycolysis, the effect of HSF1 on LDH-A expression, glucose uptake and lactate production were examined in MCF7/ErbB2 cells. When HSF1 was downregulated by siRNA, the protein levels of LDH-A also decreased (Figure 4a, left) . Furthermore, HSF1 siRNA dramatically reduced lactate production (Figure 4a , right), indicating that HSF1 is essential in regulating LDH-A expression and activity in breast cancer cells. We performed similar experiments using another specific HSF1 siRNA sequence and the results were similar (data not shown). To further confirm these results, we compared LDH-A protein levels and lactate production between wild-type Hsf1 þ / þ and HSF1 knockout Hsf1 À/À cells led to decreased mRNA levels of LDH-A, indicating that HSF1 regulates LDH-A at the transcription level. Next, we investigated whether HSF1 binds to the LDH-A promoter. We searched the motif database on http// motif.genome.jp and found that there is a putative HSF1 binding site (À3819 to À3810) on the LDH-A promoter. A chromatin immunoprecipitation (ChIP) assay was performed in MCF7 cells to test whether HSF1 binds to this putative binding site in vivo. As shown in Figure 4d , after ChIP, a 329 bp segment of the LDH-A promoter (lane 3) was amplified by PCR as well as by the positive control, a 185 bp segment of the Hsp70 promoter (lane 2) containing a known HSF1 binding site (Wadekar et al., 2004) . A negative control PCR designed to amplify a 228 bp region of glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Liu et al., 2008) did not yield a PCR product following ChIP using the HSF1 antibody (lane 1) and IP with the control immunoglobulin G (IgG) also did not yield a product (lane 4). These data together with Figure 2a indicate that HSF1 regulates LDH-A at the transcriptional level by binding to the LDH-A promoter. These results proved that HSF1 has a critical role in the upregulation of LDH-A and LDH-Amediated glycolysis in ErbB2-overexpressing cancer cells.
It was reported earlier that heregulin b1 (HRGb1), which activates signaling of ErbB family receptors, induces heat shock proteins by inducing HSF1 (Khaleque et al., 2005) . We asked whether HRGb1 induces LDH-A expression in an HSF1-dependent manner. We downregulated HSF1 by siRNA in MCF7 cells and then treated the cells with HRGb1. HRGb1 induces HSF1 expression and subsequently induces LDH-A expression in control cells (Supplementary Figure 4, left) . However, there is no obvious induction of LDH-A by HRGb1 in HSF1 siRNA-treated cells (Supplementary Figure 4 , right). These data suggest that HRGb1 induces LDH-A expression by upregulating HSF1, and supports that HSF1 has an important role in ErbB2-mediated glycolysis. were transfected with scramble siRNA (Control) or HSF1 siRNA. Twenty-four hours after siRNA transfection, the total RNA was isolated and LDH-A mRNA levels were measured by quantitative RT-PCR (qRT-PCR; left). LDH-A mRNA levels were measured by qRT-PCR using the total RNA samples isolated from Hsf1 þ / þ and Hsf1 À/À cells (right). The relative LDH-A mRNA levels were normalized relative to GAPDH). Columns, mean of three independent experiments; bars, s.e. **Po0.01, ***Po0.001. (d) Chromatin immunoprecipitation (ChIP) was performed in MCF7 cells. Cells were fixed with formaldehyde, lysed and then sonicated. In vivo cross-linked chromatin was then precipitated using an antibody against HSF1. Non-specific rabbit immunoglobulin G (IgG) was used as a negative control. After washing and reversal of cross-linking, PCR was performed using primers against the LDH-A promoter. An unrelated genomic region of GAPDH was used as negative control and a known HSF1 binding region on the Hsp70 promoter was used as positive control.
Overexpression of ErbB2 increases the sensitivity of breast cancer cells to glycolysis inhibitors
It is well accepted that glycolysis is an important process that supports cancer cell malignant phenotypes (Zu and Guppy, 2004; Garber, 2006; Gatenby and Gillies, 2007; Gillies et al., 2008; Hsu and Sabatini, 2008) . As ErbB2-overexpressing cells have enhanced glycolysis, we reasoned that glycolysis inhibitors may selectively inhibit the growth of ErbB2-overexpressing cells. 2-DG, a synthetic glucose analog, is one of the glycolysis inhibitors that has been shown to have remarkable effects in inhibiting the growth of cancer cells and is currently under phase I/II clinical trials (Pelicano et al., 2006) . When we treated ErbB2-low and -overexpressing cells with 2-DG, it effectively inhibited the growth of both 435 neo and 435ErbB2 cells (Figure 5a ). Interestingly, 2-DG showed a stronger inhibitory effect on 435ErbB2 cells compared to 435 neo cells, indicating that ErbB2-overexpressing cells are more sensitive to this glycolysis inhibitor (Figure 5a ). Oxamate, a more specific glycolysis inhibitor that uses a different mechanism of action from 2-DG (Ramanathan et al., 2005) , also showed selectivity in inhibiting ErbB2-overexpressing cells (Figure 5b ). As glycolysis and mitochondrial oxidative phosphorylation are linked processes (Fantin et al., 2006) , we tested if ErbB2-overexpressing cells, which possess a higher level of glycolysis, are less sensitive to inhibitors of oxidative phosphorylation. The MCF7 and MCF7/ErbB2 cells were treated with oligomycin, an ATPase inhibitor that specifically inhibits mitochondrial oxidative phosphorylation (Nguyen et al., 2008) . In contrast to 2-DG and oxamate, oligomycin showed a stronger inhibitory effect on MCF7 cells compared to MCF7/ErbB2 cells (Figure 5c ), suggesting that ErbB2-overexpressing cells may have a lower level of mitochondrial oxidative phosphorylation. To further confirm that the different sensitivity to glycolysis inhibitors between ErbB2-low Figure 5 ErbB2-overexpressing cells are more sensitive to glycolysis inhibitor. (a) 435 neo and 435ErbB2 cells were cultured in a 96-well plate. Twenty-four hours later, the medium was replaced with fresh medium with or without 2-deoxyglucose (2-DG) and incubated for 48 h. Then, the cell viability was detected using an MTS reagent. (b) MCF7 and MCF7/ErbB2 cells were cultured in a 96-well plate. Twenty-four hours later, the medium was replaced with fresh medium with or without oxamate and incubated for 72 or 96 h. Then, the cell viability was detected using an MTS reagent. (c) MCF7 and MCF7/ErbB2 cells were cultured in a 96-well plate. Twentyfour hours later, the medium was replaced with fresh medium with or without oligomycin and incubated for 48 h. Then, the cell viability was detected using an MTS reagent. Data are presented as the percentage of growth inhibition measured in cells treated without oligomycin. (d) BT474M1 cells were transfected with scramble siRNA (Control), ErbB2 siRNApool or two specific ErbB2 siRNA (ErbB2 siRNA1 or ErbB2 siRNA2). Forty-eight hours after siRNA transfection, cell lysates were prepared and immunoblot analyses were carried out with antibodies against ErbB2 and b-actin (upper). Forty-eight hours after transfection, cells were transferred to 96-well plates for 2-DG treatment as described above (lower). Data are presented as the percentage of growth inhibition measured in cells treated without 2-DG, oxamate or oligomycin. Columns, mean of three independent experiments; bars, s.e. *Po0.05, **Po0.01, ***Po0.001.
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and -overexpressing cells was due to the different expression levels of ErbB2, BT474M1 cells were treated with siRNA to downregulate ErbB2 (Figure 5d, upper) , and then treated with 2-DG. Although the overall inhibition of cell growth was more potent by the combination of ErbB2 knockdown and 2-DG treatment (data not shown), the percent inhibition of cell growth by 2-DG treatment was much less in the ErbB2 knocked-down cells compared to the percent inhibition in the control ErbB2-overexpressing cells (Figure 5d , lower). These results indicate that the overexpression of ErbB2 confers an increased sensitivity to the cell growth inhibitory effect of glycolysis inhibitors.
Downregulation of HSF1 decreases ErbB2-mediated glycolysis, cell growth and sensitivity to glycolysis inhibition Our data show that HSF1 has a critical role in ErbB2-mediated glycolysis (Figure 4 ), whereas the overexpression of ErbB2 increases the sensitivity of cancer cells to glycolysis inhibitors ( Figure 5 ). The link between these was studied through the downregulation of HSF1 by siRNA in MCF7 and MCF7/ErbB2 cells (Figure 6a ). Glucose uptake and the cell growth rate were measured. HSF1 siRNA significantly inhibited the glucose uptake ( Figure 6b ) and cell growth (Figure 6c ) in both MCF7 and MCF7/ErbB2 cells. It is noted that the downregulation of HSF1 had a stronger inhibitory effect on both the glucose uptake and cell growth of MCF7/ ErbB2 cells than on that of MCF7 cells (Figure 6b and c) . These results were confirmed by similar experiments using another specific HSF1 siRNA (data not shown).
To further examine whether HSF1 confers the increased sensitivity of ErbB2-overexpressing cells to glycolysis inhibitors, HSF1 was downregulated by siRNA in BT474M1 cells (Figure 6d, inset) . Control siRNA or HSF1 siRNA-treated BT474M1 cells were further treated with 2-DG or oxamate to examine whether downregulation of HSF1 results in decreased sensitivity. As expected, downregulation of HSF1 in BT474M1 cells attenuated their sensitivity to 2-DG (Figure 6d , left) and oxamate (Figure 6d, right) . Moreover, compared to Hsf1 þ / þ cells, Hsf1 À/À mouse embryonic fibroblasts (MEFs) showed less sensitivity to 2-DG (Figure 6e , left) and oxamate (Figure 6e, right) . These results showed that HSF1 has an important role in ErbB2-mediated cancer cell glucose metabolism and in ErbB2-mediated breast cancer cell growth.
Discussion
Thus far, there is no direct evidence reported to support that ErbB2 overexpression leads to increased glycolysis in human breast cancer cells. In this study, we used two pairs of breast cancer cell lines with engineered ErbB2-overexpression and a natural ErbB2-overexpressing cell line to systemically address the role of ErbB2 in glycolysis in human breast cancer cells. The forced overexpression of ErbB2 increased glycolysis in both MDA-MB-435 and MCF7 cells, and the downregulation of ErbB2 by two different ErbB2-targeted siRNAs in BT474 cells decreased glycolysis, indicating that overexpression of ErbB2 indeed promotes glycolysis in these human breast cancer cells.
We found that, compared to control cells, ErbB2-overexpressing human breast cancer cells had higher expression levels of LDH-A. A further study revealed that ErbB2 upregulates LDH-A at the transcriptional level. Moreover, LDH-A-targeted siRNA and LDHspecific inhibitor oxamate selectively inhibits the glucose uptake, LDH activity, lactate production and the growth of ErbB2-overexpressing cells. These results clearly indicate that overexpression of ErbB2 promotes glycolysis at least in part through the transcriptional upregulation of LDH-A and results in enhanced glycolysis in ErbB2-overexpressing breast cancer cells. Dai et al., 2007 showed that the downregulation of HSF1 led to decreased glycolysis in mouse embryonic fibroblasts. Here, for the first time, we show that ErbB2 induces HSF1 trimer formation and promotes HSF1 protein synthesis. We further show for the first time that HSF1 binds to the LDH-A promoter and that the downregulation of HSF1 reduced the expression of LDH-A and subsequently inhibited cell glycolysis and growth in breast cancer cells. Moreover, the downregulation of HSF1 in ErbB2-overexpressing cells led to reduced cell glycolysis and growth, and the inhibition on cell glycolysis and growth by downregulation of HSF1 is stronger in ErbB2-overexpressing cells. These novel findings indicate that the upregulation of LDH-A by ErbB2 through HSF1 has an important role in ErbB2-enhanced breast cancer cell glycolysis and growth.
Overexpression of ErbB2 results in constitutively activated PI3K/Akt, which in turn activates the hypoxia-inducible transcription factor hypoxia-inducible factor-1a (HIF1a) (Laughner et al., 2001; Li et al., 2005) . It is known that HIF1a transcriptionally upregulates genes that encode glycolytic enzymes, including LDH-A (Dang and Semenza, 1999) . Here, for the first time we show that in addition to HIF1a, the activation of transcription factor HSF1 also has a critical role in ErbB2-mediated upregulation of LDH-A, a critical enzyme in cell glycolysis. Although our data show that HSF1 regulates LDH-A at the transcriptional level by binding to the LDH-A promoter, it is possible that HSF1 also regulates LDH-A expression at the posttranscriptional level. Currently, we are studying the relationships among ErbB2, PI3K/Akt, HIF1a and HSF1 in ErbB2-overexpressing breast cancer cells.
The mechanisms that alter the bioenergetic metabolism in cancer cells are still not fully understood. However, it is generally accepted that increased glycolysis offers cancer cells an advantage to allow them to better proliferate, survive and invade. We show that targeting glycolysis-regulating molecules, HSF1 and LDH-A, with siRNA and the glycolysis inhibitors inhibited cancer cell glycolysis and growth. In addition, compared to their counterparts, ErbB2-overexpressing cancer cells showed increased sensitivity to 2-DG and oxamate. The downregulation of ErbB2 or HSF1 in Forty-eight hours after siRNA transfection, cell lysates were prepared and immunoblot analyses were carried out with antibodies against HSF1 and b-actin (insert). Forty-eight hours after siRNA transfection, cells were plated into a 96-well plate. Twenty-four hours later, the medium was replaced with fresh medium with or without 2-deoxyglucose (2-DG; left) or oxamate (right) and incubated for 48 and 72 h. Then, the cell viability was detected using an MTS reagent. (e), Hsf1 þ / þ and Hsf1
À/À cells were cultured in a 96-well plate. Twenty-four hours later, the medium was replaced with fresh medium with or without 2-DG (left) or oxamate (right) and incubated for 48 h or the indicated time. Then, the cell viability was detected using an MTS reagent. Data are presented as the percentage of cell growth inhibition measured in cells treated without 2-DG or oxamate. Columns, mean of three independent experiments; bars, s.e. **Po0.01, ***Po0.001.
ErbB2 promotes glycolysis through HSF1 and LDH-A YH Zhao et al
ErbB2-overexpressing cells reduced the sensitivity. Moreover, although the growth rates of ErbB2-low 435 neo and ErbB2-overexpressing 435ErbB2 cells are similar (Tan et al., 1997) , the levels of the glycolysis are much higher in 435ErbB2 cells. Thus, our data are consistent with the notion that increased glycolysis contributes to the maintenance of cancer cell malignant phenotypes. However, this study does not exclude the possibilities that ErbB2 overexpression stimulates cell proliferation and that increased glycolysis and its associated parameters are a result of growth stimulation, or that there is a mutual stimulation between ErbB2-mediated cell proliferation and glycolysis. In summary, we report that the overexpression of ErbB2 leads to increased glycolysis in multiple human breast cancer cell lines. ErbB2 overexpression increased LDH-A through the upregulation of HSF1, and this contributes to increased glycolysis in human breast cancer cells. The study provides direct evidence in support of a causal relationship between ErbB2 and glycolysis in human breast cancer cells. To our knowledge, this is the first report showing that ErbB2 upregulates LDH-A through HSF1 in human breast cancer cells, and also that the glycolysis inhibitors selectively inhibit ErbB2-overexpressing human breast cancer cells. These findings provide insight into how oncogenic ErbB2 regulates bioenergetic metabolism, and the results will help us to elucidate the impact of the changes of energy dependency on cell malignant phenotypes of ErbB2-overexpressing cancer cells. This is important for the future design of ErbB2 targeting therapeutics to treat breast and other ErbB2-overexpressing cancers.
Materials and methods
Cell lines and cell cultures MCF7, MCF7/ErbB2, MDA-MB-435 neo (435 neo) and MDA-MB-435ErbB2 (435ErbB2) cells were obtained or generated as described earlier (Benz et al., 1992; Tan et al., 2002 Tan et al., , 2005 . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F-12 (Mediatech Inc., Manassas, VA, USA) with 10% fetal bovine serum (FBS). Immortalized Hsf1 þ / þ and Hsf1 À/À MEFs were maintained in DMEM (Invitrogen, Carlsbad, CA, USA) with 10% FBS and penicillin/streptomycin.
Glucose uptake assay Cells were seeded in 24-well plates at 5B10 Â 10 5 cells/well. Culture media were collected at 4 and 8 h and stored at À20 1C until they were assayed. Glucose uptake was measured using the Amplex Red Glucose/Glucose Oxidase Assay Kit (Molecular Probes, Carlsbad, CA, USA). Absorbance was measured at 563 nm using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvate, CA, USA) and results were normalized on the basis of the total protein amounts of the cells.
Lactate production assay Lactate production in the medium was detected by using the Lactate Assay Kit (BioVision, Mountain View, CA, USA). Results were normalized on the basis of the total protein amounts of the cells.
O 2 consumption assay Cells were transferred to 96-well O 2 biosensor plates (BD Biosciences, San Jose, CA, USA) with cyclodextran beads, at a density of 1 Â 10 6 cells/well. Fluorescence was measured at an excitation of 485 nm and an emission of 630 nm. Oxygen consumption rate was expressed as DFU per second.
LDH activity assay Cells were extracted for protein, followed by measurement of LDH activity using the LDH-Cytotoxicity Assay Kit II (BioVision). Results were normalized on the basis of the total protein amounts of the cells.
Western blot
Western blot was performed as described earlier (Tan et al., 2002) . The following antibodies were used: ErbB2 (OP15; Calbiochem, Gibbstown, NJ, USA), LDH-A (2012; Cell Signaling Technology, Danvers, MA, USA), LDH-B (ab75167; Abcam, Cambridge, MA, USA), HSF1 (4356; Cell Signaling Technology), b-actin (A2228; Sigma, St Louis, MO, USA). Immunoreactive bands were visualized by horseradish peroxidase-conjugated secondary antibodies (Bio-Rad, Hercules, CA, USA) using ECL western Blotting Substrate (Pierce, Rockford, IL, USA). Cross-linking of HSF1 was performed by adding EGS (Pierce) to whole cell extract and incubated for 30 min at room temperature. Then, the crosslinked proteins were subjected to SDS-PAGE and visualized by probing with the HSF1 antibody (Sarge et al., 1993) .
siRNA experiments siRNA for ErbB2 were purchased from Dharmacon (Chicago, IL, USA). siRNAs for HSF1 and the control scrambled siRNA were from Sigma. The downregulation of ErbB2 or HSF1 was confirmed with two siRNA sequences to avoid offtarget effects. Transfection was performed using the Oligofectamine (Invitrogen). Forty-eight hours after transfection, cell lysates were prepared and assays such as western blot and LDH activity were performed.
Cell viability assay Cells (5 Â 10 3 B1 Â 10 4 cells/well) were placed in a 96-well plate. Twenty-four hours later, the medium was replaced with fresh medium with or without 2-DG (Sigma) or sodium oxamate (Sigma) and incubated for the indicated time. Cell viability was determined using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI, USA).
Cell proliferation assay
Forty-eight hours after siRNA transfection, cells were plated in 96-well plates at 1000 cells/well. The viable cells were detected using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay Kit at different times.
RT-PCR and qRT-PCR Total RNA was isolated from cells using the TRIzol reagent (Invitrogen). cDNAs were synthesized from 1 mg total RNA using Cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen). For semiquantitative PCR, the cDNA was mixed with PCR SuperMix (Invitrogen) and gene-specific primers. The primers used were as follows: LDH-A, 5 0 primer, 5 0 -GGACTT GGCAGATGAACTTG-3 0 , and 3 0 primer, 5 0 primer, 5 0 -CTGCTTCACCACCTTCTTGA-3 0 . All reactions were performed in triplicate. The relative amounts of mRNA were calculated by using the comparative C T method.
Polysomal fractionation
Polysomal fractionation was carried out as described earlier (Lu et al., 2009) . Briefly, cells were lysed in polysome lysis buffer containing 100 mmol/l KCl, 5 mmol/l MgCl 2 , 10 mmol/l HEPES, 1% Triton 100, 5 mmol/l dithothreitol, 100 mg/ml CHX and Protease Inhibitor Cocktail, pH 7.4). Cytoplasm fraction was collected and loaded onto a 15-40% (w/v) linear sucrose gradient and centrifuged at 38 000 g at 41C for 90 min. Ten fractions were collected to isolate RNA for RT-PCR.
Chromatin immunoprecipitation
The assay was performed using the ChIP kit (Upstate, Billerica, MA, USA). A total of 35 cycles of PCR were carried out with the primers as follows: LDH-A (forward 5 0 -GATCAAATCTGGGGAACTGGT-3 0 and reverse 5 0 -AA-CATGGATGGAACTGGAGGT-3 0 ) to amplify a 329 bp segment (À4075 to À3747; Rutter et al., 2001) of the LDH-A promoter containing the putative HSF1 binding site; Hsp70 (forward 5 0 -GGAAGGTGCGGGAAGGTTCG-3 0 and reverse 5 0 -TTCTTGTCGGATGCTGGA-3 0 ) to amplify a 185 bp segment of the Hsp70 promoter containing the HSF1 binding site (Wadekar et al., 2004) ; GAPDH (forward 5 0 -CGACCACTT TGTCAAGCTCA-3 0 and reverse 5 0 -AGGGGTCTACATGG CAACTG-3 0 ) to amplify a 228 bp segment used as negative control (Liu et al., 2008) .
